ple and the resolution of microstructural features can be controlled.
I will present results from highfrequency SAM (0.1-2 GHz) and lowfrequency AS (25-100 MHz). The resolution of SAM is about 1 Ȗm at 1 GHz; AS is some tens of micrometers (about 60 Ȗm at 25 MHz). SAM and AS differ in the type of waves used. SAM images contain information from longitudinal and Rayleigh waves; AS images contain information from longitudinal waves only. The three main units (Figure 1 ) common to both systems are:
1) The Acoustic and Scanning Unit consists of a transducer to generate and receive acoustic waves, a sapphire rod as a wave guide, and a sample stage that can move in x, y, and z directions. Acoustic waves travel through the rod toward the sample. A cavity at the bottom of the sapphire rod focuses the waves through a coupling fluid (distilled water in this study) at a specific position on the sample. Reflected waves from the specimen return through the sapphire rod to the transducer, where they are converted into electrical signals. Together, the transducer, the sapphire rod, and the coupling fluid are referred to as the acoustic lens.
2) The Pulse Generator and Receiver
Unit has a high-frequency pulse generator that emits short pulses to excite the transducer and a receiver that amplifies and records the signals received by the transducer. A switching device separates transmitted and received signals.
3) The Image Handling and Storage
Control Unit is a computer-controlled scanning and image control system that allows stage manipulation and transforms electrical signals from the transducer into a gray-or color-scaled image. In this study, the image had 512 pixels in the x and y directions with 256 colors or gray shades. The lens is scanned in a raster pattern over the specimen in order to form an image.
The three main types of scans are ( Figure 2 ):
• An A-scan or x-t scan (t = time). A one-dimensional A-scan is the primary information received at the transducer. It shows variations in signal amplitude with time received at a fixed lens position.
Reflection seismic analog = a seismic line trace.
• A B-scan or an x-z scan. B-scans are made by recording several A-scans as the lens moves along a line. Any layering, alignment of grains and pores, clusters of grains with the same impedance can be mapped by these vertical 2-D scans.
Reflection seismic analog = a seismic section.
• A C-scan or an x-y scan. C-scans gather information in a userdefined time window of the A-scan. The lens is moved in x and y directions. Data obtained at time t > 0 image a subsurface layer. Reflection seismic analog = side-scan sonar map. Figure 3 shows a model of acoustic waves in SAM. The acoustic waves and raypaths are similar for AS (except that in latter, only longitudinal wave information is gathered). In the AS system, the microstructure is mapped by studying the reflections of longitudinal waves from the top and bottom of objects or layers with different acoustic impedance. In SAM, design and curvature of the high-frequency acoustic lens are optimized to also excite surface acoustic (Rayleigh) waves in the surface of the sample. The SAM microstructural image is produced from the interference patterns between normally reflected longitudinal waves and the Rayleigh waves.
SAM.
In acoustic imaging of materials with reasonable stiffness, such as rocks, a dominant role is played by Rayleigh waves which travel slower than longitudinal and shear waves and are confined within a depth of about a wavelength from the surface. Two raypaths (1-l' and 2) are shown in Figure 3 . The normally reflected longitudinal wave travels along path 2. The longitudinal wave traveling along path 1 is incident at a Rayleigh angle (Ȓ R ) on the sample surface, where sinȒ R = V 0 /V R . V 0 = wave velocity in fluid and V R = Rayleigh wave velocity in the sample. This ray excites Rayleigh waves in the surface of the sample which continuously leak energy back into the coupling fluid. These leaked waves travel back to the transducer as longitudinal waves along path 1'. The normally reflected longitudinal wave (path 2) and the longitudinal-Rayleighlongitudinal wave (path 1-1') contribute toward the signal received by the transducer and are summed with respect to amplitude and phase. Asurface image is produced when the acoustic beam is focused on the sample surface. A subsurface image is produced by moving the sample toward the lens such that the focal point of the acoustic beam is below the sample surface ( Figure 3 ). Such a subsurface image is called a "defocused" image; "defocused" does not imply fuzzy.
A major cause of contrast in the acoustic images is the interference effect due to phase difference between the rays traveling along 1-1' and 2. As the distance (z) between the lens and the sample is reduced, the longitudinal and Rayleigh waves change phase at different rates. Thus, with decreasing z, due to constructive and destructive interference between the two rays, the signal received by the transducer goes through a series of oscillations. This change in signal amplitude is called a V(z) curve. It denotes amplitude of signal received (V) as a function of distance (z) between lens and sample and is a material characteristic. The wavelength of the oscillation of this interference (∆z) is:
(1) where λ 0 = P-wave length in coupling fluid, and Ȓ R = Rayleigh angle (Briggs. 1992) .
From Snell's law (sinȒ R = V 0 /V R ), V R can be determined by: (2) where f = frequency and V 0 = wave velocity in fluid (from Briggs, 1992) .
V R can be calculated from the period of oscillations in the V(z) curve by equation 2. Figure 4a shows a C-scan image of a quartz grain, and Figure 4b its corresponding V(z) curve. The first large peak in the V(z) curve is registered at focus position; the crest is at z = 0. The crests and valleys mark constructive and destructive interference between longitudinal and Rayleigh waves at z > 0. V R is calculated by determining the wavelength of this interference pattern (marked AMS 1 ) from Fourier analyses (Briggs, 1992) .
V R calculated from the V(z) curve marked AMS 1 in Figure 4b is 3.7 km/s, which is close to that of quartz (3.64 km/s).
V R can also be determined from the V(z) curve at focus point. V R is calculated from the distance between the maximum of specular reflection (at z=0) and the first interference maximum (Hirsekorn and Pangraz, 1994) . This is AMS 2 in Figure 4b .
V R calculated from AMS 2 part of the V(z) curve in Figure 4b is equal to 3.68 km/s.
The accuracy of V R calculated with these methods is about 5%.
Interference patterns (called fringes) in C-scans can also yield V R . At discontinuities, such as cracks or grain boundaries, interference between reflections from the surface and from the crack appear as fringes with a spacing (x), (3) where λ R = Rayleigh wavelength and Ȓ c = angle between crack and the sample surface. In case of vertical cracks (Ȓ c = 90°), the relationship simplifies to λ R = 2x and
where ƒ = frequency of measurement. Figure 5 shows an example of a cement mortar sample with Rayleigh fringes in a quartz grain. The prominent dark line in the middle of the image marks a discontinuity within the quartz grain. Rayleigh fringes are the less prominent lines running parallel to segments of the discontinuity. V R determined from this method is 3.50 km/s. Due to uncertainties in measurement of the fringe spacing, this method has a large error in V R . Due to digitization limitations and errors in locating the troughs (or peaks), errors in measuring x can be as large as 10%. C-scans of surface and subsurface features can be used to study impedance changes in the sample. In essence, color changes in the acoustic images are used to study qualitative impedance changes. Once the grayscale output of SAM is calibrated with materials of known impedance, impedance variations in unknown samples can be inferred from the calibrated gray scales. 
. The gray scale of the SAM used here was calibrated using materials with impedance within this range ( Figure 6 ). In this figure, the gray level from 0 (= black) to 255 (= white) is plotted as a function of reflection coefficient of the reference materials with respect to water. The least-squares linear fit (solid line) was used to evaluate impedance values in unknown samples. This method assumes minimal instrumental drift. However, approximately 10-15% error is to be expected, especially if calibrations are not performed at least daily or if the sample has large variations in surface topography.
Application to petrophysics. Rocks are composites in which the grains are cemented together by different clastic materials. The ultimate strength of the rock and its seismic properties strongly depend on the stiffness of grain-to-grain contacts. For example, Dvorkin and Nur (1996) have shown that velocity is dependent on the position of diagenetic cement: Higher velocity correlates with cement located at grain contacts, and lower velocity correlates with cement located away from the grain contacts. In a similar study, Avseth et al. (1998) used cathode-luminescent light to show that contact-cement rims around grains give higher Pwave velocity. Higher attenuation and lower velocity were measured in sandstones with large impedance difference between contact zone and grains (Prasad and Manghnani, 1997) . A strong contact cement will lock in porosity and will resist porosity reduction under pressure. In the following, I compare seismic properties of two sandstones with their cementation strength inferred from acoustic microscopy. Figure 7 shows typical 1 GHz Cscans of surface images in Berea and Boise sandstones. The gray scale is calibrated according to Figure 6 . Pore spaces are dark gray to black; grains are gray. Feldspar grains have a pitted appearance due to alteration effects. Grain overgrowths are observed in both samples. However, in Berea sandstone, the contact zone is discontinuous and has significantly lower impedance change than the grains (Figure 7b ). In Boise sandstone, the grains and the cement network that bridges across them have similar impedance (Figure 7d) .
In Berea sandstone (Figures 7a   and 7b ), grains are rounded with smooth surfaces. Diffraction fringes are observed in the quartz grains as bright lines. Contacts between grains resemble cracks; they are flat and narrow. Color change (=impedance change) between grains and contact zone is high, indicating that the contacts are discontinuous and might close under pressure. In contrast, Boise sandstone (Figure 7c and 7d ) has larger and angular grains with many overgrowths. The contact zone is broader with a cement network that bridges across the grains ( Figure  7d ). The intergranular bridges have similar impedance as the grains. There is significant microporosity in the cement. The effect of contact impedance differences on seismic properties is demonstrated in Figure 8 , where V P and V S are plotted as a function of pressure for both sandstones. Porosity, air permeability, V P , V S at 0 and at 40 MPa are given in Table 2 . Velocity values are higher in the Boise than in the Berea sandstone. The high velocity at 0 MPa in Boise is related to the strong contact-cement network that increases frame rigidity. The same cement network resists deformation and so velocity does not change much with pressure. In Berea, due to more compliant contact cement, velocity change with pressure is pronounced. At higher pressures, it even surpasses velocity in Boise. This behavior is an experimental confirmation that contactcement compliance defines the pressure dependence of bulk rock elastic properties. Microstructural characteristics of organic rich shales can give important insights on the kerogen maturation processes. If microstructural variations can be related to bulk property measurements, indirect methods for detection of kerogenrich shale sequences will be greatly enhanced. The opaque nature of the kerogen and the associated pyrite makes optical characterization rather difficult. Prasad and Nur (1997) have shown the importance of AM to study microstructure of kerogen-rich shales. They measured impedance of grains, grain clusters, and the matrix from AM images of shales with varying kerogen content and at different maturity grades. The impedance of the shale matrix was found to correlate with the total organic content and the hydrogen index of the shale. Figures 9a and 9b show examples of SAM impedance and AS reflectivity results of a kerogen-rich shale. The very high reflectivity in the Bscans from AS are due to high-impedance contrast in the SAM images (Figure 9a ) between grains (white) and matrix (black). Figure 9b represents an A-scan made at that position. Figures 9c and 9d are volumetric reconstructions from B-scans.
Figures 10a to 10c show acoustic sounding of a coal sample along with an optical line trace (10d) of its main features; the C-scan (Figure 10a ) is a surface image and the B-scan ( Figure  10b ) is a zero-offset reflection profile. In analogy to reflection seismic mapping, reflections occur at interfaces with an impedance change. Continuous interfaces are mapped as layers in the B-scan. Layers can be mapped in three dimensions by combining multiple B-scans from different locations. Figure 10c is a reconstruction of a 30 ǂ 30 ǂ 8 mm 3 volume of the sample created from 40 B-scan images. The dull and bright coal layers with different impedance imaged in the C-scans (Figure 10a ) are seen to dip in the B-scans ( Figure  10b ) and in the reconstructed volume image (Figure 10c ). Figure 10c also maps numerous cleats that cut across the dipping layers. The resemblance between the reconstructed top surface of the cube and the C-scan image of the same surface provides validity of the technique. "Ground truth" for the scans was seen from the line trace of the features made after cutting the sample to expose the sides (Figure 10d ). Science, 2000) . "Analyses of impedance microstructure of kerogen rich shales using scanning acoustic microscopy" by Prasad and Nur (EOS, 1997. "Acoustic microscopy with resolution in the nm-range" by Rabe et al. (Acoustical Imaging, 1996) . "Acoustic microscopy of rocks" by RodriguezRay et al. (Journal of Microscopy, 1990 
